MG63 cells cultured on regular arrays of point microstructures (posts and holes) are shown to preferentially align at certain angles to the pattern of the structures, at 08, 308, and 458 in particular. The effect is found to be more pronounced for post rather than hole structures (although no significant difference is found for the angles the cells make to the holes or posts) and is thought to be due to the fact that the cells use the posts as anchorage points to hold themselves to the surface. It is also shown that cells preferentially align with the structures depending on the dimensions of the structures and the distance between neighboring structures. This is important when designing structured surfaces for cellsurface interaction studies for materials to be used in, for example, drug delivery or tissue engineering.
Introduction
Two-dimensional (2D) structured surfaces have been used to examine the effect of surface topology on the behavior and physical characteristics of cells. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] This has led to the discovery that micro-and nanotopology causes cells to elongate, [9] align to the direction of the surface pattern, [9, [13] [14] to rearrange the extracellular matrix in contact with the surface, [11, 15] and to internally re-organize cellular components. [9, 12] It is also possible that the topography can illicit varying cellular responses. [16] In many of these experiments, the cells are subjected to patterns consisting of an array of linear trenches, which cause the cells to elongate and align parallel to the pattern direction. When the width of the trench is of the order of the elongated cell width, a cell grows within a single trench, [17] [18] or when the trench width is much smaller than the cell width, it spans a number of the trenches. [19] It is also possible, however, to produce another 2D topological array based on pointlike structures; these have been less extensively studied. [20] Normally, cells preferentially grow on nonstructured areas rather than structured areas, especially when the structural dimensions are less than the cell dimensions. This finding is common to most topologically structured surfaces when compared to a nonstructured analogue [4] and makes the surfaces potentially useful for antifouling purposes. However, although pointlike structures have been studied in a qualitative fashion, very little quantitative information is available with respect to physical characteristics of the cells on the surface. Here we examine the effect on MG63 cells cultured on poly(methyl methacrylate) (PMMA) surfaces embossed with pointlike microstructures (posts and holes). Figure 1 c show the direction of the pattern horizontal and vertical to the image axis; all angles are measured from either the vertical or the horizontal axis in % 58 increments. Measurements were taken where it was possible to see individual cells, or parts of cells, in areas of nonaggregated cells. The * in b and c indicates where an outgrowth of a single cell has changed its angle with respect to the pattern of the embossed structures. Figure 2 shows optical images of linear, elongated cells lying parallel to the surface pattern. The cells position themselves both between and on top of the surface structures. Figure 3 presents a variety of magnified optical images of single cells on an embossed but nonpatterned surface, and on the various patterned surfaces. Cells are shown in both linear and triaxial configurations. The length of some of the microspikes produced by the cells is apparent; for example, the microspike produced by the linear cell on the 25-mm 2 holes is % 100 mm long, almost twice the length of the cell itself. Figure 4 shows a fluorescence image of a cell on a surface containing 100-mm 2 posts. Vinculin in the focal adhesions of the cell to the surface are stained using paxilin and are colored green; the cell nucleus is stained with 4,6-di-A C H T U N G T R E N N U N G amidino-2-phenylindole (DAPI) and is colored blue. For ease of visualization the tops of the posts are colored red. Figure 5 gives the contact-angle measurements on the embossed, nonpatterned PMMA surface, and each of the arrays of embossed structures. Figure 1 shows that the cells on the nonstructured PMMA are confluent and randomly aligned and positioned. By comparison, fewer cells have grown on the structured PMMA surface and they are thinner and more elongated. The cells, or parts of the cells, are also aligned at specific angles to the pattern of the embossed structures. Figure 1 c shows that these angles are consistent for all the cells when the cell is isolated. Changes in the direction of cell outgrowth are also seen to adhere to the same angles (evidenced by the indicated cell outgrowths).
Results

Discussion
Figures 6 and 7 show that, by examining a number of images in this way, a preference for certain angles appears. The total number of images and angles examined is given in Table 1 ; % 10 angles were measured for each image studied.
To compare the data for the two types of structure (holes and posts) a two-tailed t-test was performed with the null hypothesis that there is no significant difference between the mean values of the angles made to the structural pattern. The mean angles made to the patterns were 21.93 AE 16.168 (n = 722) for the posts and 23.29 AE 15.568 (n = 506) for the holes respectively. Experimentally t calc, 1226 = 1.47, which is less than the tabulated t 0.05, 1 = 1.96. [21] The null hypothesis is therefore accepted at the 95 % confidence limit; the mean values of the angles made to the hole and post patterns are not significantly different and therefore the type of structure does not affect the average angle produced by the cells. This may be expected as the size of the structures is constant in each case but suggests that the cells are equally affected by the two different types of structure.
The large standard deviation does, however, suggest a degree of variation within the sample populations. A chisquared (c 2 ) test was completed to determine whether there is a difference in the frequency of the angles measured in [21] the null hypothesis is rejected; there is significant difference in the frequencies for all of the structural dimensions at the 95 % confidence limit.
This can be seen in Figures 6 and 7 where the frequency of the 0, 30, and 458 angles tends to be larger than the other angles measured. This preference could be explained in terms of the geometry of the patterned structures. Measuring the angle produced between consecutive posts, between post (0,0) and (0,1), (1,1), (2,1), (3, 1) , and so on, (Figure 8 a) , reveals that the most common angles seen in Figures 6 and 7 are reproduced ( Table 2) . As the angle decreases, so the distance between posts in direct alignment increases (with the exception of 08). The high frequency of the 08, 308, and 458 angles in Figures 6 and 7 suggests that the cells prefer to align themselves to the structural pattern so that the distance between structures is minimized.
This argument is corroborated by modeling the cell on the structures. The centre of a theoretical rectangular cell is positioned at 16 positions around the unit cell of a regularly patterned surface (Figure 8 a) . The theoretical cell is then rotated through 908 (in 58 steps) and the area of the cell that contacts the structures is calculated. The average area is then measured, to discover which angle causes the area of the cell sitting on the structures to be maximized. Figure 8 shows that when the width of the cell approximates to that of the structures, the area of the cell on the posts is maximized at certain angles, for example, when w = W, 308 is dominant. As the structure width decreases, the area of the cell on the structures approaches 25 %, although certain angles still dominate to a lesser extent. Even when w = W/50, there are dominant angles (e.g., 458 and 208). However, a real cell would probably interact with a surface containing point structures at these dimensions through subcellular interactions rather than through any bulk cellular alignment, for example, through integrin rearrangement. [22] The predominance of the 308 angle in the experimental results suggests that the majority of the cells have widths that approximate those of the structures. At 308, the higher area of the cell covering the structures also suggests that the cells prefer this position. On the posts, the cells use the structures as anchorage points with which to adhere themselves to the surface. Figure 4 corroborates this finding, with the attachment points of the cells seen to adhere almost exclusively to the posts. On the holes, the cell is more likely to be attached to the area between the holes, which means that the lower angles increasingly contribute to the dataset ( Figure 7) . As the dimensions of the holes decrease, the 308 angle rapidly becomes less dominant, suggesting that the cell is less and less affected by the surface structures. This theoretical modeling does not, however, account for the high frequency of the cell sitting parallel to the pattern, that is, at 08. At an angle of 08, the cell sits either between adjacent structures or on top of them ( Figure 2 ). Figure 9 models cells of increasing width sitting on posts. As the size of the cell increases, they sit on an increasing number of posts in adjacent rows. If the width of the cell is less than or equal to the dimensions of the structures, it has the option to sit on top of adjacent structures (A) or in the area between them (A'). When the width of the cell is approximately equal to three times the width of the structure, the cell can straddle two rows of structures (C), or just one (C'). As the cell becomes wider still it is forced to sit on an increasing number of rows (D). Each of these configurations causes the area of the cell sitting on the posts to be different (Table 3) .
Examination of a number of cells, aligned at 08 to the pattern and with widths approaching that of the 100-mm 2 structures, shows that the cells have no preference for either configuration (A or A', Figure 2 ). This may be counter intuitive if one considers the cell merely as a "bag of liquid", which may be expected to take the lowest energy configuration by resting on as few of the structures as possible. Instead, it again appears that some cells use the structures as attachment points. This may be to increase their contact angle with the polymer surface, producing a spherical cross section.
The results of the contact-angle measurements ( Figure 5) show that the embossed, nonstructured PMMA surface is originally hydrophilic but becomes hydrophobic when patterned with microstructures. The surface also becomes increasingly hydrophobic as the dimensions of the structures are reduced. These facts may explain why the cells are thinner and more elongated, producing a more spherical cross section, than those on the nonstructured surface where the cell is forced to interact with a flat surface. Even so, this elongated configuration may not be preferable to the cells, as evidenced by the lower proliferation of the cells on the structured surface when compared to the flat surface (Figure 1) .
Finally, as the dimensions of the structures decrease, the pattern should be less likely to influence the cell alignment to the pattern. However, it may be that, at these scales, the cell experiences neighboring structures as a single continuous line with which it interacts on a subcellular level, causing it to be elongated in one direction. This elongation would then be similar to the elongation seen on nanotrench structures. [1, 4] 4. Conclusions MG63 cells have been shown to preferentially align at certain angles (08, 308, and 458) to the pattern of the microstructures. The cells prefer to align themselves parallel to the structures but if forced to lie on the structures tend to choose angles that minimize the distance between posts. This is thought to be due to the cell using the structures as anchorage points to attach itself to the surface. As the dimensions of the structures become much smaller than the dimensions of the cells, the cell is less influenced by the surface structures with respect to steric hindrance. At very small structural dimensions the cell is probably only influenced by the surface on subcellular scales, for example, through integrin rearrangement. [22] Such structural surfaces clearly affect the cellular proliferation, and the alignment of the cells and their extrusions may contribute to this. Therefore, the design of structured surfaces for cell-surface interaction studies, for applications such as the design of materials for drug delivery or tissue engineering, should take care to include an examination of the surface structure as well as the surface chemistry. [23] 
Experimental Section
Polymer replication: PMMA sheets (125 mm thick) were used as supplied from Goodfellow Ltd. (UK). For each experiment, the polymer was cut to the approximate size of the mold to be used for the embossing. Molds with regular, ordered microstructures were used. These consisted of 9 mm 6.5 mm arrays of posts or holes with areas of 4, 25, and 100 mm 2 and~1 mm deep/tall. The moulds were fabricated using lithographic techniques from silicon nitride (Si 3 N 4 )-coated silicon.
[24] Table 2 . Angle the cell makes to the structures using the model described in Figure 8 a. Table 3 . Percentage area of theoretical cells of different widths on post structures as described in Figure 9 . The Si 3 N 4 layer was used to prevent adherence problems between the mold and the polymer. However, to ensure the mold did not stick to the PMMA, a monolayer of antiadhesion fluoro-A C H T U N G T R E N N U N G alkylsilane (trichloro(tridecafluoro-octyl)silane (United Chemical Technologies, USA) was also added to the mold surface using a previously reported method. [25] Embossing of the structures in the polymer was completed using an Obducat nanoimprinter (Obducat AB, Sweden). The mold was positioned on the base of the nanoimprinter with the structures to be embossed uppermost. The PMMA sheet was placed onto the mold and a sheet of Teflon (125 mm thick) was placed on top of the PMMA. The Teflon protects the PMMA from being patterned by the aluminum used in the nanoimprinter. [26] The embossing then proceeded using the conditions given in Table 4 . The use of a freestanding piece of PMMA (rather than using a PMMA film spun down onto a substrate, as is usual when nanoimprinting) means that the embossed PMMA can easily be used with transmission optical microscopy.
Cell culturing: Osteoblast-like MG63 cells (from ATCC) were used in this work. The cells were maintained at 37 8C and 5 % CO 2 in complete medium (d-MEM) containing 10 % fetal calf serum (FCS) and 1 % each of l-glutamine, pyruvate, and streptomycin/penicillin. The structured PMMA sheets were covered with Flexiperm culture chambers (Greiner, Germany), which defines culture wells around the structured areas of PMMA. The structures were then immersed in 0.5 mL of the complete medium in which the MG63 cells were seeded at a density of 2 10 5 cells per well plate. Prior to imaging, the cells were fixed to the surface by immersion in glutaraldehyde (2.5 % solution in phosphate buffer [pH 7.3, 23 % NaH 2 PO 4 0.2 m: 77% Na 2 HPO 4 0.2 m]) for one hour. Following this, the samples were washed twice with phosphate buffer at 4 8C. Characterization: Characterization of the surfaces of the molds and the patterned PMMA was achieved using white-light interferometry (Wyko NT110; Vecco Metrology, USA) to confirm replication fidelity and repeatability. Advancing contact-angle measurements were performed using ultrapure water (3 mL; Milli-Q; Millipore, USA) deposited using a contact-angle measurement system (OCA 20; Dataphysics, GmbH, Germany). Digitized optical images of the cells on the surface of the PMMA were recorded (Eclipse L150 A microscope, Nikon Instruments, Japan), and the angles the cells make to the pattern of the embossed structures was measured manually with the aid of imaging software (Corel Draw, version 11, The Corel Corporation, 2002). Statistical software (Matlab, version 6.5, The MathWorks Inc., 2002) was used to model the angles that a theoretical cell makes to the structured surfaces. Statistical analysis of the data was completed using the methods and statistical tables given in Millar and Millar. [21] 
